Introduction
Photosensitive polymers change their solubility into developer by photo-irradiation and form fine pattern by succeeding development, and thus they are important materials to prepare semiconductor integrated circuit [1, 2] . In use of photosensitive polymers for electronics packaging such as buffer coats and interlayer dielectrics, they remain in manufactures permanently, and therefore, they are required to have high thermal, mechanical and insulating properties. For such the applications, addition of photosensitivity to polyimides, known as representative high performance engineering plastics, has been investigated [3] . Most of existing methods for preparing photosensitive polyimides include utilization of poly(amic acid)s as polyimide precursors. Poly(amic acid)s have high solubility to aqueous alkaline solution due to their carboxylic acid groups, and therefore, they can be used for photosensitive polymers by appropriate modification of the carboxylic acids and addition of photosensitive agent [3, 4] . However, preservation stability of such poly(amic acid)s is low due to partial imidization of amic acid groups. In addition, high temperature post-curing is necessary for imide ring formation, and it causes shrink of patterns. On the other hand, we have developed a novel pattern-forming method, reaction development patterning (RDP), for polymers which have carboxylic acid derivatives (-C(O)-X-) like polyimides, polycarbonates, polyesters and vinyl polymers [5] [6] [7] [8] . Pattern formation in RDP is based on nucleophilic acyl substitution reaction of nucleophiles, such as OH -, in developer with carboxylic acid derivatives such as imide group (Scheme 1). The reaction products (poly(amic acid)s) have higher solubility than the original polymers (polyimides), and selective progress of this reaction at photo-irradiated or unirradiated areas leads to pattern formation.
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By applying RDP to properly designed soluble polyimides, negative-tone pattern is formed only by photo-irradiation onto the polyimide films containing diazonaphthoquinone (DNQ), N-phenylmaleimide (PMI) and 5-hydroxyisophthalic acid (5HIPA) and the following development with aqueous tetramethylammonium hydroxide solution (TMAHaq.) containing OHas a nucleophile [9] .
In the previous study, we succeeded in pattern formation using PI-1 (Scheme 2) as the polyimide component. However, introduction of hydrophobic trifluoromethyl groups into PI-1 extended development time to about 17 minutes. Thus, in this study, we introduced alicyclic structures to polyimides to increase their solubility with decreasing their hydrophobicity for shortening development time. We selected three alicyclic dianhydrides to investigate the effect of alicyclic structure in polyimides on pattern formation.
Experimental
2.1. Materials PMI was purchased from Wako Pure Chemical Industries Ltd. 1,2-Naphthoqiunonediazide 5-sulfonic acid p-cresol ester (PC-5) was purchased from Toyo Gosei Kogyo Co., Ltd., and 5HIPA was purchased from Tokyo Chemical Industry, Co., Ltd.
1,2,4,5-cyclohexanetetracarboxylic dianhydride (CHDA) and 1,2,3,4-cyclobutanetetracarboxylic dianhydride (CBDA) were purchased from TCI (Scheme 3). Other reagents and solvents were commercially available. hich distance between anhydride groups is short. in .3. Synthesis of alicyclic polyimides Various polyimides were prepared using a similar procedure to the previously reported method by a direct one-pot polycondensation [5] .
Measurement
) and pyridine (0.16g, 2mmol) were added in 200mL four-necked flask equipped with mechanical stirrer and Dean-Stark trap. Then the mixture was heated at 180℃ for 5 hours with stirring at 180rpm. The resulting viscous solution was poured into a large amount of methanol. The precipitate was washed with methanol again, recovered b d .4. Pattern formation 16wt% of a polyimide was dissolved in Nmethylpyrrolidone (NMP). PC-5 as a photosensitive agent (20wt% for polyimide), PMI (30wt% for polyimide) and 5HIPA (10wt% for polyimide) were dissolved in the NMP solution. The resulting photosensitive polyimide solution was degassed and spin-coated onto a mat side of a copper foil, and prebaked at 75℃ for 10 min in a far-infrared oven. The film was irradiated with an ultra high-pressure mercury lamp without any filter (300 mJ/cm 2 ) at both the i and g lines through a negative photomask in a contact technique. The exposed film was developed in a 2.5wt%TMAHaq tu
Results and Discussion
.1. Synthesis of alicyclic polyimides RDP utilizes ring-opening reaction of polyimides to the corresponding poly(amic acid)s to form patterns, and thus, the poly(amic acid)s must be soluble to developers such as TMAHaq. Solubility of poly(amic acid)s to TMAHaq. is expected to be increased by increasing the amount of carboxylic acid per unit length. Therefore, we selected alicyclic dianhydrides in w The polyimides were prepared by a direct one-pot polycondensation of the dianhydrides and diamines in the presence of -valerolactone/pyridine catalyst using m-cresol as a solvent (Scheme 4). All polyimide structures prepared in this study are summarized in Table 1 . Molecular weight of polyimides was controlled to about 20,000 g/mol.
Lithographic evaluation
Polyimide films were prepared by mixing NMP solution of the polyimides with DNQ (PC-5), PMI and 5HIPA, spin-coating the solution onto a mat side of a copper foil and then prebaking at 75℃ for 10min in a far-infrared oven. The films were irradiated with an ultra high-pressure mercury lamp through a negative photomask, and then developed with 2.5wt%TMAHaq at room temperature.
Results of pattern formation of the polyimides are summarized in Table 2 . Decrease in the number of carbon in alicyclic structures led to decrease in hydrophobicity of the polyimide films and resultant reduction of development time. However, hydrophobicity of the polyimide film containing CBDA (entry 5) was too low to make a contrast. On the other hand, the polyimide containing CHDA (entry 2) showed well-balanced development properties in the polyimides in Table 2 . Thus, we investigated optimization of the amount of the additives by using CHDA system (entries 2-4). Increase in the amount of DNQ inhibited dissolution of the exposed areas and resulted in increase in residual film thickness at the exposed areas, while development time was also became longer (entry 3). Increase in the amount of PMI in the film to 30wt% realized both high residual film thickness at the exposed areas and short development time (entry 4), probably due to dissolution inhibition effect of PMI at exposed areas [6] and dissolution promotion of the entire film caused by decrease in the ratio of polymeric component in the film. Fig. 1 shows SEM image of fine patterns prepared by applying RDP to the optimized CHDA system (entry 4), and clear negative-tone line and space (L/S) patterns were successfully obtained without peeling-off. 
Analysis of the mechanism of RDP
We investigated the mechanism of dissolution of polyimide films to developer using model reaction. Polyimide prepared from CHDA, DSDA and DAT was reacted with 2.5wt%TMAHaq. in a flask with stirring until complete dissolution. 1 H-NMR spectra of before and after reaction are showed in Fig. 2 . From the 1 H-NMR spectra, peaks of amide protons of poly(amic acid)s around 11ppm were found to appear after the reaction. This result suggests that RDP of alicyclic polyimides is realized by ring-opening reaction of imide groups in the polyimides to amic acids by nucleophilic attack of OHfrom TMAH (Scheme 1), as is the case in RDP of polyetherimide with TMAHaq. / organic solvent developer [6, 10, 11] . From these results and the previous studies [5] [6] [7] [8] [9] [10] [11] , the pattern-forming mechanism of RDP of alicyclic polyimides by TMAHaq. is considered as shown in Fig. 3 . In exposed regions, DNQ changes to indenecarboxylic acid, and this carboxylic acid reacts with TMAH in the developer to consume OH -. On the other hand, PMI at exposed regions is photo-dimerized to give an insoluble dimer [12, 13] .
Conclusion
The consumption of OHand dissolution inhibition e OHwith imide groups and permeation of TMAHaq., respectively, to retard dissolution of the exposed regions to the developer. 5HIPA in films is considered to promote permeation of aqueous developer at both exposed and unexposed regions. -NH-
